Abstract:
Introduction
Traumatic brain injuries (TBIs) are a serious health problem in the United States with over 2.8 million resulting in hospital visits every year (Center for Disease Control, 2017 ). Brain injury is a leading contributor to life-long disabilities, and increases the risk of neurodegenerative disease (Plassman et al., 2000; Thurman et al., 1999; Zaloshnja et al., 2008) . Despite the significance of this problem, there are no therapies approved specifically for the treatment of chronic TBI. Some of the most long-term, difficult to manage, and pervasive deficits associated with TBI are impairments revolving around cognition and executive function, including various memory deficits, poor impulse control, and reduced decision-making capacity. Often, impairments can result in symptoms resembling those found in psychiatric disorders such as gambling disorder or bipolar disorder (Kräplin et al., 2014; Zgaljardic et al., 2015) . In particular, impairments in decision-making and impulsivity, are likely to contribute to poor quality of life, and may result in significant issues for both patients with TBI, and their caregivers (Marsh et al., 1998) . While impulsive deficits are relatively common in the acute phase (e.g. impulsive aggression, 35% incidence; Dyer et al., 2006) , they also extend into the chronic post-injury phase, and even occur in cases of milder brain injury (Bjork et al., 2016; Goswami et al., 2016) . These impulsive deficits may also interact with decisionmaking capacity in TBI survivors.
Decision-making is not a unitary construct, and constitutes many different dimensions. Ultimately, selection of options comes down to the evaluation of various costs and benefits associated with each choice. While this is decidedly general, there are several types of decision-making that are substantially altered in both psychiatric and TBI populations. In particular, impulsive decision-making, in which the cost is often a time delay, and the benefit is a larger reinforcer (e.g., money, food), is frequently impaired after brain injury McHugh and Wood, 2008) . Another form, risk-based decision-making, in which choices are made between different probabilistic outcomes (e.g., win or lose money), is also notable for its involvement in TBI-related deficits (Cotrena et al., 2014; Levine et al., 2005; Newcombe et al., 2011) . Thus, the consequences of TBI strongly resemble psychiatric disease with regard to decisionmaking tendencies and may have common neural mechanisms. In particular, dopaminergic dysfunction has been identified following experimental and clinical TBI (Wagner et al., 2005; Wagner et al., 2014) , and the monoamines, in general, are strongly involved in a number of decision-making processes, providing a potential mechanistic link (Ozga et al., 2018) .
To enable causal study of psychiatric deficits after TBI and aid in the development of treatments, animal models are necessary. The experimental brain injury field has developed a number of models relevant for replicating the human sequelae of TBI in rodents and other species (O'Connor et al., 2011) . However, the vast majority of studies in experimental TBI have largely focused on cognitive outcomes that are less relevant for chronic psychiatric-related dysfunction (e.g., spatial learning). Recently, our group has published studies demonstrating deficits in impulse control, attention, and impulsive decision-making lasting up to four months with continuous testing, which resemble reports in human patients (Vonder Haar et al., 2016; Vonder Haar et al., 2017 ). However, no animal studies have evaluated whether rodent models of TBI can successfully replicate the deficits in risky decisions that occur in human brain injury populations.
A common paradigm for studying risky decisions in patients is the Iowa Gambling Task (IGT) (Bechara et al., 1994) . In this task, participants choose a card from four different decks, and either gain or lose money. Two choices are associated with large wins, but also significant losses ("risky"), while the other yield small gains, but relatively small losses ("safe"/optimal). To maximize monetary gain, participants must learn these contingencies. In psychiatric populations (e.g., substance dependence, gambling disorder), patients display increased preference for risky options, at the cost of maximizing return (Bechara, 2003; Brevers et al., 2013) , and similar effects are observed after TBI (Cotrena et al., 2014; Levine et al., 2005; Sigurdardottir et al., 2010) .
To investigate these phenomena in animals, many different procedures are used (for reviews, see Bailey et al., 2016; de Visser et al., 2011b) . One model that is particularly attractive due to its translational validity is the Rodent Gambling Task (RGT). The RGT is a relatively direct analog of the IGT, and presents rats with two low-risk options, and two high-risk options. However, it also layers on an aspect of impulsive action (requires withholding a response over a delay) that is not included in the IGT to enable concurrent investigations into motor impulsivity (Zeeb et al., 2009) . A previous meta-analysis of over 200 animals demonstrated a significant correlation between impulsivity and poor decision-making in rats on this task (Barrus et al., 2015) . Given that motor impulsivity is substantially increased after TBI in rats (Vonder Haar et al., 2016) , it is likely that risky decisions would be affected in a similar fashion. In the current study, we evaluated effects of a bilateral frontal controlled cortical impact TBI on risk-based decision-making and motor impulsivity in the RGT, in the chronic post-injury period and assessed the role of monoaminergic systems by administering an amphetamine challenge.
Results

Recovery from Surgery
Recovery was tracked with daily detailed post-surgical monitoring until rats were deemed "recovered" (stable weight, no overt motoric deficits or agitation to handling; minimum of three days monitoring). All sham rats (including craniotomy and intact) were considered recovered within one day. The weight of all sham rats only dropped to approximately 98% of pre-surgery baseline before recovering to 100% or more by the second day. TBI rats took between 1-5 days (mean: 1.28) to recover normal motor function, and between 1-3 days (mean: 1.38) to react normally to gentle handling. The weight of TBI rats dropped to 91% of baseline, and remained slightly below (93-97%) throughout the duration of testing.
Effects of TBI on Rodent Gambling Task
Choice
In the RGT, optimal reinforcement rates may be obtained by choices preferring the 2-pellet option, and preference for the 3-and 4-pellet options are considered "risky" (see Methods & Fig 1) . To determine if brain injury altered choice behavior, a linear mixed-effects regression with baseline choice as a covariate (Pct Choice ~ Group*Choice Option*Week + Baseline Choice; see Supplemental Table S1 for full statistics) was carried out for the Trained rats. The three-way interaction was significant (p < 0.001). The regression model was then examined for each choice option. For the all choice options, there was a significant effect of TBI (p's < 0.001), and a significant TBI x week interaction for the 2-pellet and 4-pellet options (p's < 0.009), such that for the 2-pellet option, the Sham group very slightly declined, while the TBI group remained at a low level of choice relative to baseline, while TBI animals increased choice of the 4-pellet option across time. The effects were large and persistent across the 12-week post-injury period (see Fig 2) .
For rats tested in acquisition, effects of TBI were assessed in a linear mixedeffects regression (Pct Choice ~ Group*Choice Option*Week; see Table S1 for full statistics), and the three-way interaction was significant (p = 0.012). For these rats, there were significant effects of TBI across all choice options (p's < 0.001), and a significant TBI x week interaction for the 3-pellet option (p = 0.002), such that the TBI group increased preference over time, while sham animals declined. All of these effects were similar in magnitude to those trained prior to injury, and choice profiles at 12 weeks ultimately resembled those trained before surgery (see Fig 2) .
Other Variables
The RGT may also be used to measure several other variables of interest to gain insight into a host of other behavioral processes (see Methods): premature responses (motor impulsivity), omitted responses (motivation), pellets earned (overall efficiency), response latency (choice-specific slowing), and reinforcer collection latency (motor/motivational effects). A linear mixed-effects regression (Outcome ~ Group*Week [+ Baseline in Trained groups]) was performed for all other behavioral variables. For premature responses in the Trained groups, there was a significant TBI x week interaction (p < 0.001), such that TBI rats increased their premature responding across several weeks of testing. A similar interaction effect (p = 0.024) was also observed for the Acquisition rats with regard to impulsive responding. On omitted responses, Trained TBI rats started off quite high, but quickly reduced to sham levels, as indicated by a significant TBI x week interaction (p < 0.001). There was also a significant TBI x week interaction (p = 0.044) for the Acquisition rats, but this was due to a small, transient increase in omitted responding by sham rats during week 8. Brain-injured rats also collected fewer total pellets compared to sham rats over time (p's < 0.001) across both Trained and Acquisition rats. With regard to response latency, for Trained rats there was a significant TBI x week interaction (p = 0.025), with a very slight decrease in the latency for the TBI rats immediately post-surgery. There was no significant group difference or interaction for the Acquisition rats on response latency (p's > 0.427). The latency to collect the reinforcer in Trained rats was also affected by the injury (p = 0.002); TBI rats were slower to collect initially, but came down to sham levels over the testing period. A similar interaction was observed in the Acquisition rats (p < 0.001).
Overall, the only behavioral differences that persisted across the testing period were impulsive responding and total pellets obtained (see Fig 3; see Table S1 for full statistical summary).
Amphetamine Challenge
Choice
To determine the effects of a monoaminergic challenge on choice, amphetamine was administered in four doses. Choice data for the d-amphetamine challenge was Table S2 for full statistical summary).
Other Variables
Prematures and omissions were compared in a linear-mixed effects regression with baseline performance on non-drug days as a covariate (Outcome ~ Group*Dose + Baseline). For premature responses, there was a significant TBI x dose interaction in the Trained rats (p = 0.040), such that relative to the sham group, TBI rats displayed significantly reduced impulsive responding at the 1.0 mg/kg dose (p = 0.007). Rats in acquisition displayed considerable heterogeneity between the groups, leading to no significant TBI x dose interaction, or even main effect of dose (p's > 0.228). On omissions, there were no TBI x dose interactions from either Trained or Acquisition rats see Table S2 for full statistical summary).
cFos Cell Counts
After an additional two weeks of washout from the amphetamine challenge, and at the conclusion of the study, to determine which brain regions were being used during the RGT task, animals were euthanized precisely 60 minutes after the conclusion of behavioral testing. Cells stained positive for cFos were compared in a two-factor ANOVA across four ROIs (Count~Training*Injury), and reduced to a one-way ANOVA if the interaction was not significant (Count~Injury). There was no significant interaction of task training and injury across any of the four ROIs (p's > 0.264). Likewise, there was no significant effect of injury on any ROI (p's > 0.114), likely due to high within-group variability (see Fig 5; see Table S3 for a full statistical summary).
Sham Surgery Comparison
Choice
To examine effects of craniectomy, the Trained sham rats were compared in a mixed-effects regression with baseline as a covariate (Pct Choice ~ Group*Choice Option*Week + Baseline Choice; see Table S4 for full statistics). The three-way interaction was significant (p < 0.001). The regression model was then examined for each choice option. For the 2-, 3-, and 4-pellet choice options, there was a significant effect of craniectomy (p's < 0.043), and a significant craniectomy x week interaction for the 3-pellet and 4-pellet options (p's < 0.029). Despite significant effects, the magnitude of the difference was relatively small, largely within range of baseline differences, and driven by intact shams displaying riskier choice over time on the 3-pellet option (see Fig   S1) .
For the Acquisition sham rats, the same analysis (Pct Choice ~ Group*Choice Option*Week; see Table S4 for full statistics) was carried out, with a similarly significant three-way interaction (p < 0.001). The regression model was examined for each choice option. There was a significant effect of craniectomy and a significant craniectomy x week interaction on the 1-, 2-, and 4-pellet options (p's < 0.019; p's < 0.035). Effect sizes were quite small as above, and choice preferences largely collapsed on each other by the end of testing (see Fig S1) .
Other Variables
For all other behavioral variables, a linear mixed-effects regression was significant, behavioral differences were minor between intact and craniectomy groups, with a tendency towards 'impairment' in the intact groups as opposed to those that received the full sham surgery (see Fig S2; see Table S4 for full statistical summary).
Lesion Analysis
Total brain volumes were measured for all groups and subgroups and compared in a one-way ANOVA. There was a significant loss of tissue for both Trained and Acquisition injured groups (F 1,21 = 8.22, p = 0.009; F 1,19 = 5.06, p = 0.037). Lesions were similar in size to those reported in previous publications using the same injury model (Vonder Haar et al., 2016; Vonder Haar et al., 2017) . There was no significant difference in total brain volume between craniotomy and intact shams (F 1,19 = 0.07, p = 0.791). However, a visual inspection of craniotomy shams revealed slight damage to two subjects (drill mark; slight swelling due to torn dura).
Discussion
Decision-making deficits after TBI can have debilitating consequences in many facets of life for human patients, yet little research has examined these problems in animal models of brain injury. In the current study, we observed long-lasting deficits in decision-making and behavioral disinhibition that replicate what has been described in human populations (Cotrena et al., 2014; Levine et al., 2005; Sigurdardottir et al., 2010) .
On the RGT, injured rats displayed reduced preference for the most optimal (2-pellet) choice, and shifted towards suboptimal safer, and riskier options. This effect occurred regardless of learning history -TBI rats in acquisition, and those that were trained prior to injury, ultimately displayed similar choice profiles. Moreover, all injured rats escalated impulsive responding over the first several weeks post-injury, highlighting potential negative plasticity and re-organization in the post-acute phase. Finally, while Trained and Acquisition rats appeared similar in choice, they had a differential response to a damphetamine challenge such that injured rats in acquisition displayed a distinct pattern of choice relative to sham controls, or even compared to trained injured rats. These findings suggest that there may be significant interactions between learning history and monoaminergic systems, which could have major implications in rehabilitative settings where patients may be prescribed various psychotherapeutic drugs.
With rising concern over increased rates of various psychiatric diseases following TBI (Bhalerao et al., 2013; Carroll et al., 2014; Vaishnavi et al., 2009; Zgaljardic et al., 2015) , more data are needed on the neurobiological changes permissive of increased impulsivity and poor decision-making. The RGT has been used to elucidate the substrates of neural control of risk-based decision-making for almost ten years (de Visser et al., 2011b; Zeeb et al., 2009; Zeeb and Winstanley, 2011) . In that time, much has been learned about the neurochemistry of these types of behaviors. However, careful examination of many studies utilizing this assessment reveals that effects of many drugs, outside of major psychostimulants such as d-amphetamine, are relatively subtle in their effect on choice, particularly when administered after stable behavior has emerged (Barrus and Winstanley, 2016; Zeeb et al., 2009; Zeeb et al., 2015) . Notably, and in contrast to many pharmacological studies, the magnitude of change after TBI on the RGT in the current study was both substantial and enduring, showing no signs of change at 12-weeks post-injury. This is not entirely surprising, given both the magnitude of the injury, and prior reports of chronic deficits in other psychiatric-related behaviors (Vonder Haar et al., 2016; Vonder Haar et al., 2017; Vonder Haar et al., 2018) .
However, in the field of experimental brain injury, many assessments, even those in the cognitive domain, reveal relatively small deficits when subjected to repeat testing, which has been identified as a major problem (Fujimoto et al., 2004; Gold et al., 2013) . The IGT, on which the RGT is modeled, has been suggested to identify trait-level differences in decision-making in a variety of psychiatric conditions (Brevers et al., 2013; Gansler et al., 2011; Sevy et al., 2007) . Assessments of trait-like variables in animal models of TBI may provide a better understanding of the biological changes underlying long-term deficits, and indeed have proved successful, even after relatively mild TBI .
Of particular interest from the current data, is the large scale increase in motor impulsivity following the injury (Fig 3) . This is notable because, while the RGT measures behavioral disinhibition, it does not engender a strong prepotent response as choice options remain illuminated for 10 s, providing a large amount of time for rats to respond.
Interestingly, this impulsive responding increased across time, peaking at 8-10 weeks post-injury, and approximately four-fold above sham levels. These data map strongly onto prior TBI findings in the five-choice serial reaction time task, with both large-scale increases in impulsivity, and the tendency to increase across time (Vonder Haar et al., 2016) . Importantly, these data suggest ongoing neural changes in the post-acute period that ultimately result in high levels of impulsivity and may be treatable. One potential explanation for this may be the neuronal death that occurs at locations functionally connected, but distal to the site of injury, a process known as diaschisis (Carrera and Tononi, 2014) . Notably, major dopaminergic changes have been identified in the striatum following CCI injuries (Chen et al., 2015; Wagner et al., 2005) , and this increased disinhibition may be reflective of cell death occurring in the dorsal and ventral striatum. Theoretically, these changes should be moderately preventable or reversible through psychostimulant treatment, and/or other therapies to prevent cell death.
In the current study, we administered a d-amphetamine challenge as a means of assaying monoaminergic function. Notably, previous data have shown that larger doses of d-amphetamine can actually reduce impulsivity in severely-injured rats (Vonder Haar et al., 2016) . This finding was replicated in the Trained TBI rats, while the Acquisition TBI rats had an extremely variable response such that there was not even a main effect of dose (Fig 4) . This further supports the potential of dopaminergic therapies, although additional study is clearly warranted. The effects of d-amphetamine on choice behavior were also altered in a surprising fashion for TBI rats. In both sham groups, as well as the Trained TBI group, we replicated the common effect of amphetamine shifting preference from the 2-pellet (optimal) option to the 1-pellet (safest, but suboptimal) option (Baarendse et al., 2013; Silveira et al., 2016; Zeeb et al., 2009; . However, in the Acquisition TBI group, the 2-pellet reduction was significantly attenuated, yet preference for the 1-pellet option was still increased. This suggests that the shift in decision-making came from the riskiest 3-and 4-pellet options instead, highlighting potential benefits of d-amphetamine for these rats. Although amphetamines are used clinically to treat the impulsive symptoms of ADHD, recent evidence suggests that they may not be particularly effective in adults (Castells et al., 2018) . This, however, does not preclude their use in individuals with TBI, and indeed, amphetamine has been suggested to help improve recovery acutely after experimental lesion or brain injury (Feeney et al., 1982; Ramic et al., 2006) . Whether this would translate to treatment instigated in the chronic post-injury period remains to be seen. Moreover, the unique response of the Acquisition TBI rats to amphetamine with regard to decision-making suggests an interesting interaction between learning history and pharmacology which may need to be considered for the pharmaceutical treatment of TBI patients.
The differences in post-injury choice, combined with the interesting difference in TBI rats under d-amphetamine challenge suggests that brain-injured rats may be utilizing different neural circuits in order to meet the demands of this behavioral test. Given the size of the lesion cavity that formed due to TBI, large portions of the medial prefrontal cortex (mPFC), including anterior cingulate and prelimbic cortices, were severely damaged and likely nonfunctional (Fig 5) . In addition, it is likely that indirect damage occurred in surrounding and connected regions such as the OFC, dorsal striatum, and ventral striatum. While the mPFC is essential for mediating impulse control (Dalley et al., 2004) , and likely contributed to deficits in motor impulsivity, previous studies have indicated a relatively small role in its control over choice on the RGT (de Visser et al., 2011a; Paine et al., 2013; Zeeb et al., 2015) . The circuit connecting the basolateral amygdala (BLA) to the OFC has previously been demonstrated to be critical to RGT performance, with the BLA and OFC contributing to stable risky decisions, and acquisition of behavior, respectively (Zeeb and Winstanley, 2011; . Unfortunately, in the current study, tissue samples were not collected rostral enough to provide information over the role of the BLA. Given the differences between Trained and Acquisition TBI groups that emerged when challenged with amphetamine, there is potential that these circuits may be differentially affected by the learning process after injury. While differences were revealed by amphetamine challenge, no significant regional changes in neural activation under normal testing were observed when brains were examined with cFos (Fig 5) . It should be noted that this does not preclude functional reorganization of circuits that occurred over time as cFos measurements were only made on stable behavior at the very end of the study.
Despite obvious deficits, injured rats are still capable of performing the RGT to a degree. At the core of this behavioral measure is the ability to detect environmental contingencies with maximal reinforcement rates and accurately choose among these options. Notably, the explicit detection and identification of environmental contingencies is an area in which patients with brain injuries struggle (Schlund and Pace, 2000; Schlund, 2002) , potentially explaining the impairments on this task. What is not clear from existing literature is whether TBI alters sensitivity to reinforcement, to punishment, or both. Some evidence has been given for reduced sensitivity to reinforcement in TBI patients (Larson et al., 2007) , while another group has suggested reduced fear processing, affecting sensitivity to loss in the IGT (Visser-Keizer et al., 2016) , both of which would certainly map onto deficits in dopamine neurotransmission discussed above. This would be consistent with a transition to striatal control of behavior, yet we failed to find any significant differences in activation patterns within the striatum of injured animals, likely due to large heterogeneity within the groups (Fig 5) . Further studies will be required to conclusively establish whether reduced reinforcement/punishment sensitivity is sufficient to drive the observed deficits, and whether this might be a viable behavioral treatment target.
The data shown here demonstrate a long-lasting decision-making phenotype in TBI rats that directly mimics what is observed in human patients (Cotrena et al., 2014; Levine et al., 2005; Sigurdardottir et al., 2010) . Moreover, similar deficits emerge in brain-injured animals, regardless of the timing of learning (Trained vs. Acquisition TBI groups), suggesting that these chronic deficits are not explicitly tied to learning (Fig 2 & 3) . By focusing animal assessment on trait-like variables, rather than assessments of rapid learning, we can increase the relevance of our animal models to the human condition, and likely improve the translational potential of therapeutics assessed in this way. There are some limitations to operant measures of this type, most notably the longer training period relative to common behavioral neuroscience tasks. However, this is mitigated by the high-throughput nature, and resolution of data obtained from these behaviors. There may be some justifiable concern about the high resolution of the data, especially when using sensitive data analyses such mixed-effects modeling. Notably, we detected statistically significant differences in craniectomy versus intact shams. These types of differences have also been shown previously on motor and pain-related behaviors (Cole et al., 2011; Elliott et al., 2012) , but similar to what was found in this study, effects tend to be transitory or small in nature. In the current study, craniotomy effects were quite small (see Table S4 ), and did not appear to be meaningful differences, and further were in the direction of craniectomy improving function relative to intact. This could lead to concern over similar issues in injured versus sham comparisons, however by attending to the large effects (Fig 2 & 3) , it can be determined that the differences in sham versus TBI were not merely significant, but also meaningful. Ultimately, this behavioral approach to modeling chronic deficits due to TBI has high utility, and will likely be very useful in assessing therapeutics directed towards the chronic post-injury period.
However, more data are still needed. In particular, sex differences will likely be crucial to understand going forward as there tend to be differences in recovery due to TBI (Ley et al., 2013; Styrke et al., 2013) , baseline impulsive tendencies (Weafer and de Wit, 2014) , and even subtle, but meaningful differences in processing probabilistic information (Singh, 2016) . In addition, further studies will be needed to definitively evaluate whether brain regions outside of the injured area drive observed deficits, and whether these problems may be rescued by pharmacological or rehabilitative therapies, which could eventually help the millions of individuals suffering from TBI-related dysfunction.
Methods
Subjects
Subjects were 47 male Long-Evans rats (Charles River, Wilmington, MA).
Subjects were approximately 2.5 months old at the start of training, 4 months at injury, and 7 months at euthanasia. Each rat was food-restricted and maintained at 12-14 g/day to increase motivation for food reinforcement. Rats were pair-housed on a reverse light cycle prior to surgery and single-housed after surgery. Rats were randomly assigned to either Acquisition (n = 23) or Trained (n = 24) groups for the duration of the study.
Apparatus
Testing took place in a bank of 16 standard five-hole operant conditioning chambers with a stimulus light at the back of each hole, and an infrared beam to measure nose pokes (Med Associates, St. Albans, VT). A food tray with a light was placed at the opposite wall and a pellet dispenser above it. Chambers were controlled by custom software written in Med-PC IV. Sucrose pellets (45 mg, BioServ, Fleming, NJ) were used as reinforcers.
Behavioral Training
Initial Training
RGT training was performed as described in previous publications (see Figure 1 ) (Adams et al., 2017; Zeeb et al., 2009 ). In brief, training began with two 20-min habituation sessions in which sucrose pellets were placed in all five nose-poke holes and the food hopper. Rats then began training based on the five-choice serial reaction time task (Carli et al., 1983 ) in order to shape responses to the presentation of a cue light in one of the five choice holes. Rats nose-poked in the food hopper to start a trial.
After a 5-s delay, a cue light appeared in one of the five-choice holes and was left on for 30 s, then gradually reduced to 20 and 10 s as rats began to respond more rapidly across sessions. Premature responses before the light, incorrect responses, or omitted responses were punished with a 5-s timeout with the houselight illuminated, while correct responses delivered a single sucrose pellet. This allowed for assessment of premature motor responses within the RGT as well. Sessions lasted 30 min or until 100 reinforcers were obtained. Rats were trained until they completed at least 50 trials with an 80% accuracy at the 10-s stimulus setting. Rats in the Acquisition group were advanced to surgery at this point.
RGT Training
In the RGT rats were allowed 30 min to earn as many sucrose pellets as possible. Four choice options were presented, each associated with a different probability and magnitude of reward and punishment. Choice P1 had a 90:10% chance of one sucrose pellet or a 5-s timeout. Choice P2 had an 80:20% chance of two pellets or a 10-s timeout. Choice P3 had a 60:40% chance of three pellets or a 30-s timeout.
Choice P4 had a 40:60% chance of four pellets or a 40-s timeout.
Rats were initially exposed to seven sessions of 'forced-choice,' in which only one option was available, to familiarize them with the different P1-P4 contingencies.
After, they were allowed to choose freely for the duration of the study. On each trial, a nose-poke response into the lit food hopper began a 5-s delay, after which the choice holes associated with options P1-P4 became available. Premature responses made before the choice holes were illuminated were punished with a 5-s timeout in which no reinforcement could be earned. Upon choice, either the associated number of sucrose pellets would be delivered, and the food hopper lit ('wins'), or no pellets would be delivered ('losses') and the choice hole would slowly (1 hz) flash for the duration of the timeout. Hole location for each contingency (P1-P4) was kept consistent through the study (counterbalanced between subjects with two versions of the program). Rats in the Trained group reached a stable baseline as assessed statistically (no effect of session over a three-session period) and confirmed with visual analysis of individual subjects within 23 free-choice sessions, and then were advanced to surgery.
TBI Surgery
Rats were pair-matched for performance (Trained: RGT performance, Acquisition: sessions to initial training criteria), and then randomly assigned to TBI (n = 24) or Sham (n = 23) group. Controlled cortical impact (CCI) procedures were carried out aseptically, as previously described (Vonder Haar et al., 2016; Vonder Haar et al., 2017) . In brief, rats were anesthetized with isoflurane (5% induction, 2-4% maintenance) in 0.5 L/min oxygen. Local analgesic (bupivicane, 0.25%) was given at the incision site and general analgesic (ketoprofen, 5 mg/kg) was given subcutaneously.
Rats were placed in a stereotaxic frame, surgical site sterilized, and a midline incision performed. After retracting the periosteum, a 6 mm circular craniectomy was measured out, centered at +3.0, +0.0 mm from bregma and performed using a surgical drill. A severe bilateral, frontal CCI (5 mm in diameter, -2.5 mm depth, 3 m/s velocity, 500 ms dwell time) was then induced using a Leica Impact One CCI device (Leica Biosystems, Buffalo Grove, IL). Bleeding was stopped, the incision site sutured closed, and tripleantibiotic applied to the site. Half of sham rats received either craniectomy, which included all of the above with the exception of impact and half received intact procedures, which did not include craniectomy or impact, but did include anesthesia and analgesia. TBI and craniotomy surgeries took approximately 30 minutes (range: 20-55), while intact sham surgeries took approximately 15 minutes (range: 12-20) . Rats were placed on free-feeding for five days following the surgery, after which, they were leaned back down to 14 g/day.
Behavioral Assessment
After seven days of recovery, assessment began on the RGT. Rats in the Trained condition were placed back on the full RGT program. Rats in the Acquisition group were put back in the last stage of initial training (see above) to verify they could respond. After two weeks of this, they were put through the RGT training as described above. Rats were assessed until 12-weeks post-injury.
Pharmacological Challenge
In weeks 8-10 post-injury, an d-amphetamine challenge was conducted as previously described (Zeeb et al., 2009) 
Immunohistochemistry and Lesion Analysis
Following behavioral assessment (12-weeks post-injury), and at post-behavior intervals of 60 minutes (exactly 90 minutes after start of behavior), rats were transcardially perfused with 0.9% phosphate buffered saline, followed by 3.7% phosphate buffered formaldehyde. After perfusions, the brains were post-fixed in 3.7%
formaldehyde for 24 h. Brains were then embedded in a gel matrix (15% gelatin) with five brains per gel block, and sliced, frozen, on a sliding microtome at 30 µm.
To detect cells that were active during behavior, staining for the early-immediate gene cFos was performed. Slices were blocked in normal goat serum overnight, then incubated with rabbit anti-Fos primary antibody (Abcam AB190289, 1:20,000) for 72 h, rinsed, and then incubated in biotinylated goat anti-rabbit IgG secondary antibody (Vector, BA-1000; 1:2,000) for 2 h, rinsed, and reacted with an avidin-biotin complex kit (Vectastain PK-6100) and catalyzed with 0.05% diaminobenzadine and 0.15% hydrogen peroxide. For lesion analysis, sections were mounted to slides and stained for cresyl violet to visualize the extent of the lesion. Images were captured on a Konica Minolta copier at 600 DPI, and remaining brain size estimated in ImageJ (NIH, Bethesda, MD) by measuring 4 sections transversing the lesion cavity (+4.5, +3.5, +2.5, +1.5 from bregma), averaging their area, and multiplying by the thickness (Coggeshall, 1992) .
Data Analysis
The primary variable obtained from the RGT was percent choice among the four options. However, premature responses, omitted responses, number of pellets earned, response latency, and reinforcer collection latency were also recorded and analyzed.
Repeated-measures data (RGT variables, pharmacological challenges) were analyzed with linear mixed-effects regression. Counts of cFos positive cells for each ROI and brain volumes were analyzed in a one-way ANOVA. Transformations were applied as appropriate to normalize data for each recorded session. The arcsin-squareroot transformation was applied to percent data (choice), log transformation for data bounded on the lower end (prematures, omissions, latencies), and the square-root transformation for count data (cell counts). All data analyses were performed with R statistical software (http://www.r-project.org/) in the lme4, lmerTest, and stats libraries. A p-value equal to or less than 0.05 was considered significant.
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